Pneumococcal polysaccharide vaccines have been used to elicit a protective anti-pneumococcal polysaccharide antibody response against S. pneumoniae in healthy individuals. Identifying human B cells which respond to T-cell independent type-2 antigens, such as pneumococcal polysaccharides, has been challenging. We employed pneumococcal polysaccharides directly conjugated to fluorophores in conjunction with flow cytometry to identify the phenotype of B cells that respond to pneumococcal polysaccharide vaccination. We have previously identified that the majority of pneumococcal polysaccharide-selected cells responding to vaccination are CD27 + IgM + (IgM + memory) cells. In this study, we further characterized pneumococcal polysaccharide-selected cells in the peripheral blood to better identify how the various B cell phenotypes responded 7 and 30 days post-immunization. We show that 7 days post-immunization the majority of pneumococcal polysaccharide-selected IgM + memory cells (PPS14 + 56.5%, PPS23F + 63.8%) were CD19 + CD20 + CD27 + IgM + CD43 + CD5 +/− CD70 − , which was significantly increased compared to pre-immunization levels. This phenotype is in alignment with recent publications describing human B-1 cells. PPS-responsive B cells receded to pre-immunization levels by day-30. These findings suggest that this B-1 like cell population plays an important role in early responses to S. pneumoniae infection and possibly other T-cell independent type-2 antigens in humans.
Introduction
Increased antibiotic resistance among many Streptococcus pneumoniae serotypes associated with disease, including pneumococcal polysaccharides 14 and 23F (PPS14, PPS23F), emphasizes the need for improved vaccine strategies, especially for those at highest risk for invasive disease including elderly and immunocompromised individuals [1] [2] [3] [4] [5] . Vaccination results in PPS-specific IgM and IgG opsonophagocytic antibodies (Ab) which are critical for bacterial clearance [6] [7] [8] [9] [10] .
The nature of the immune cells involved in the production of Ab against these Tindependent Type II (TI-2) polysaccharide antigens is controversial. Splenic marginal zone B cells (MZB) produce recirculating plasmacytes and memory B cells, capable of rapidly producing opsonizing IgM and IgG Abs against TI-2 antigens [7, [11] [12] [13] [14] [15] [16] . The role of MZB in response to TI-2 antigens is also supported by the finding that individuals who respond poorly to pneumococcal vaccinations tend to lack IgM + memory B cells. This includes patients with congenital neutropenia, common variable immunodeficiency, HIV infection, have been splenectomized, infants <2 years old with an underdeveloped marginal zone, and elderly populations [11, 14, 15, [17] [18] [19] [20] . Alternatively, B-1 cells have also been implicated in the production of plasmacytes and memory B cells capable of rapidly producing IgM and IgG Abs against TI-2 antigens [7, 12, [21] [22] [23] [24] [25] ].
Previous studies demonstrate mouse B-1 cells transferred into RAG −/− mice produce PPSspecific Abs and provide protection against lethal challenge [21, 22] . While it is thought that B-1 cells contribute to the immune response against pathogens expressing TI-2 antigens in humans, the direct relevance of B-1 cells has been unclear due to the difficulty in identifying human B-1 cell equivalents. In mice, B-1 cells can be divided into two subtypes, B-1a and B-1b cells. B-1b cells have the ability to produce Abs that can provide a long-term adaptive immune response to TI-2 antigens like polysaccharides [21] [22] [23] 26, 27] . Human B-1 cells on the other hand are controversial themselves. It is unclear if the same division of B-1 cells that exists in mice is recapitulated in humans. Previous studies demonstrate that CD5 expression on human B cells is insufficient to characterize B-1 cells as it is used in mice [27] [28] [29] [30] . Recent publications have described a mouse B-1a like subset in humans [27, 30] . It is currently unclear if there is a mouse B-1b like equivalent in humans capable of responding to TI-2 antigens such as those used for pneumococcal polysaccharide vaccination (PPV).
We have previously shown, using fluorescently labeled PPS14 and PPS23F, the majority of PPS-specific B cells responding to vaccination are IgM + memory cells (CD27+IgM+) [31] . The goal of the present study was to further characterize PPS-specific PPV responding cells with respect to expression of CD43 and CD5 used to characterize this putative B-1 cell population. Our results identify PPS14-and PPS23F-reactive B cell populations that circulate in the peripheral blood 7-and 30-days post-immunization in response to PPV. We show the majority of PPS-specific B cells on day-7 are phenotypically characterized as CD19 + CD20 + CD3 − CD70 − CD27 + IgM + CD43 + CD5 +/− . This population is in alignment with recent reports of human B-1 cells [30, [32] [33] [34] . We also show that 30 days postimmunization, this population recedes towards pre-immunization levels.
Materials and Methods

Human Volunteers
Seventeen healthy volunteers participated in the University of Toledo IRB committee approved study (IRB #105137). Volunteers were 24-30 years old (mean=26.6) and pneumococcal polysaccharide vaccine naïve. Volunteers were questioned about medications, previous illness, and present health before immunization with PPV, Merck (23-valent pneumococcal polysaccharide vaccine).
Labeling of polysaccharide 14 and 23F with fluorescent dye
Conjugation of PPS14 to cascade blue (CB) ethylenediamine (Invitrogen catalog C-621) or PPS23F to 5-(4,6-dichlorotriazinyl) aminofluorescein (DTAF; Sigma-Aldrich Fluka catalog 36565) was carried out as previously described [31] .
Flow Cytometry
Peripheral blood was collected from volunteers pre-and post-immunization at days 0, 7, and 30. After Ficoll-gradient centrifugation and washing, cells were resuspended in FACS buffer (PBS, 0.1% FCS, 2mM EDTA). Before staining, cells were absorbed with 10µg/ml cell wall polysaccharide (Statens Serum Institut; MiraVista Diagnostics, Indianapolis, IN) and PPS22F (American Type Culture Collection) to reduce nonspecific binding [35] . B cells were labeled with 10µg/ml, either PPS14-CB or PPS23F-DTAF (BioCentra, Sugar Land, TX). Fluorochrome-conjugated mAbs (BD Bioscience or eBioscience) to the following antihuman Ags were used: CD19 (APC-Cy7), CD27 (PerCP-Cy5.5), IgM (allophycocyanin), IgD (Alexa Fluor 700), CD5 (PE-Cy7), CD43 (PE), CD20 (Alexa Fluor 700), CD70 (CB and FITC). Cells were washed and suspended in FACS buffer and analyzed with FACSAria using FACSDiva software (BD Biosciences). FCS files were further analyzed using FlowJo software (Tree Star, Ashland, OR).
Pneumococcal Polysaccharide ELISA
ELISA was performed to examine anti-PPS-specific human Abs in all volunteers. The PPS-ELISA is modification from the World Health Organization assay [36, 37] . All steps were performed as reported previously [31] .
Opsonophagocytic Assay
Opsonophagocytic assay was performed as previously described [38, 39] . Briefly, S. pneumoniae, serotypes 14 and 23F, were incubated with serial diluted heat-inactivated sera. Newborn rabbit serum (Pel-Freez, Brown Deer, WI.) was added as source of complement. Differentiated HL-60 cells were added at an E:T ratio of 400:1. Sera were tested in duplicate. Results were obtained Opsotiter1 software program (University of Alabama at Birmingham).
Statistical analysis
Geometric mean concentration of IgG, IgM, and IgA, and flow cell numbers, specific to PPS14 and PPS23F, were calculated for each group. Correlation between groups was examined using Pearson's correlation coefficient. Comparison between two group values was performed using unpaired t test. The p-values <0.05 were considered to be significant.
Results
Ab titers increase significantly post-immunization with PPV
To show that our young healthy donor population (n=17) responded normally to immunization with PPV, we tested sera collected on day-0, day-7, and day-30 for PPS14 and PPS23F Ab responsiveness. Following the World Health Organization recommendations, sera were first absorbed with PPS22F and cell wall polysaccharide to prevent overestimation of PPS-specific Ab concentrations [35, 39, 40] . Day-30 post-immunization, donors showed a significant increase in PPS14-specific IgM from 2.4±2.4µg/ml to 32.7 ±18.0 µg/ml (p<0.001), IgG from 3.3 ±2.5µg/ml to 47.1 ±24.0 µg/ml (p=0.0023), and IgA from 0.3 ±0.2µg/ml to 2.7 ±2.9µg/ml (p=0.0056) (Fig.1A) . Similarly, post-immunization PPS23F-specific Ab levels were significantly increased for IgM from 1.2 ±0.8µg/ml to 22.3 ±7.9µg/ ml (p<0.0001), IgG from 2.8 ±2.3µg/ml to 31.9 ±18.9µg/ml (p<0.0001), and IgA from 0.2 ±0.1µg/ml to 0.9 ±1.1µg/ml (Fig.1B) . IgG concentrations showed a greater increase postimmunization compared to IgM concentrations for both PPS. These ELISA data confirm that our donor population responded to PPV immunization resulting in a minimal two-fold increase in serotype-specific Ab.
OPT increases significantly 30 days post-immunization with PPV
Donor sera collected on day 0 and day 30 were tested for functional opsonophagocytic response using both PPS14 and PPS23F expressing S. pneumoniae. The reciprocal of the Ab dilution required to obtain 50% opsonophagocytic killing by differentiated HL-60 cells (opsonophagocytic titer-OPT) was calculated. There was a significant increase in the OPT post-immunization compared to pre-immunization for both PPS14 (p=0.0001) and PPS23F (p<0.0001) (Fig.1C) . These results confirmed that vaccination of our sample population with PPV elicited a functional immune response against serotype-specific PPS [41] .
PPV induces transient increase in PPS-specific B cells in peripheral blood
To characterize the phenotype of B cells that responded to vaccination with PPV, donor peripheral blood samples were analyzed pre-and post-immunization. The percentage of PPS14-selected B cells increased significantly (p=0.001) from an average of 1.5% on day-0 to 5.0% by day-7 and decreased to 3.5% by day-30. Similarly, PPS23F-selected B cells increased significantly (p=0.001) from an average of 1.1% on day 0 to 4.2% by day 7 and decreased significantly (p=0.034) to 2.0% by day-30 (Table I, Supplemental). The percentage of PPS14 + B cells on day-30 remained statistically higher (p=0.002) compared to pre-immunization levels. In contrast, the percentage of PPS23F + B cells returned to preimmunization levels.
Majority of PPS-specific B cells express CD27 and IgM post-immunization with PPV
Pre-immunization, the phenotypic analysis of CD27 and IgM for PPS-selected and unselected cells were both similar to our previously published results demonstrating B cells pre-immunization primarily consisted of naïve B cells (38-59%) [31] . PPS-selection day-7 post-immunization revealed a highly significant decrease in representation of naïve B cells (PPS14 p=0.0056, PPS23F p<0.0001). These changes were coupled with highly significant increases in IgM + memory cells (PPS14/23F p<0.0001) compared to pre-immunization ( Fig.  2A,B) . The majority of PPS-selected B cells (PPS14 53.1%, PPS23F 62.4%) day-7 postimmunization were IgM + memory cells (Fig.2,3A ). This population was significantly higher (PPS14/23F p<0.0001) than the unselected population post-immunization. In contrast, day-7 post-immunization class-switched memory cells represented a smaller portion of the PPSselected B cells (PPS14 21.1%, PPS23F 22.5%) (Fig.2C) .
Day-30 post-immunization the phenotypic distributions of PPS-selected cells returned towards pre-immunization levels ( Fig.2A,B) . PPS14-selected naïve cells on day-30 showed a significant increase compared to day-7 (p=0.0001), returning to pre-immunization levels. In contrast, IgM + memory cells decreased significantly (p<0.0001) to pre-immunization levels by day-30. PPS14-selected cells on day-30 showed no significant difference for naive and IgM + memory cells compared to day-0 (Fig.2A) . PPS23F-selected cells showed similar trends. PPS23F-selected naive cells increased significantly (p=0.0461) toward preimmunization levels by day-30, but remained significantly (p=0.0413) lower compared to day-0. In contrast, PPS23F-selected IgM + memory cells decreased significantly (p=0.0002) toward pre-immunization levels by day-30, but remained significantly higher compared to day-0 (p=0.0151) (Fig.2B) . Therefore, by day-30, the distribution of PPS-selected cells returned towards pre-immunization phenotype distributions.
Strong positive correlations were found between the percentage of PPS-selected IgM + memory cells on day-7 and IgM Ab concentrations on day-30 for both PPS14 (r 2 =0.87, p<0.0001) and PPS23F (r 2 =0.98, p<0.0001) (data not shown). In contrast, correlations were not found between the percentage of PPS-selected class-switched memory cells on day-7 and IgG Ab concentrations on day-30 for either PPS14 (r 2 =−0.3451, p=0.2268) and PPS23F (r 2 =−0.3934, p=0.1317) (data not shown).
Majority of PPS-specific IgM + Memory B cells express CD43 and CD5 postimmunization with PPV
We further characterized peripheral blood for CD43 and CD5 expression within each of the previously identified CD27 and IgM quadrants (Fig.3B) . Pre-immunization, within the CD27 + populations, CD43 and CD5 analysis showed no significant difference between selected and unselected cells (data not shown). Within the PPS-selected IgM + memory populations, there were significant increases in CD43 + CD5 + expression on PPS-specific cells from day-0 to day-7 (PPS14: 27.7%-56.5% p=0.027, PPS23F: 31.7%-63.8%, p=0.005) (Fig.4A,B ). There were no significant changes within the PPS-selected class-switched memory populations from day-0 to day-7 (Fig.4C,D) . On day 7 post-immunization, the majority of PPS-selected IgM + memory cells were CD43 + CD5 + (PPS14 56.5%, PPS23F 63.8%). This was in contrast to the unselected IgM + memory cell population which showed the majority of cells were CD43 − CD5 − (52.9%), while the CD43 + CD5 + population represented only 16% of these cells. The percentage of PPS-selected CD27 + IgM + CD43 + CD5 + cells were significantly higher (PPS14 p<0.0001, PPS23F p<0.0001) compared to analysis using unselected cells (Fig.4E) . Within the class-switched memory PPS-selected population, significant changes between unselected and PPS-selected cells were only found in response to PPS23F, revealing a significant (p<0.0001) increase in CD5 + CD43 + cells paired with a significant (p<0.0001) decrease in CD5 − CD43 − cells (Fig.  4F) . Thus, 7 days post-immunization the majority of PPS + peripheral blood B cells responding to PPV were CD27 + IgM + CD43 + CD5 + .
Day-30 post-immunization, within the PPS-selected IgM + memory populations, the phenotypic distributions of CD43 and CD5 returned toward pre-immunization levels. For PPS14-selected IgM + memory cells, the predominant (56.5%) CD43 + CD5 + population on day-7 decreased significantly (19.3%, p=0.0005) to day-0 levels. At the same time within this population, the CD43 − CD5 − population which was reduced (20.7%) on day-7 significantly increased (54.7%, p=0.0007) to day-0 levels ( Fig.4A) . For IgM + memory PPS23F-selected cells the predominant (63.8%) CD43 + CD5 + population on day-7 regressed to 43.6%, but remained higher than day-0 levels (31.7%) (Fig.4B) . With in the classswitched memory population significant changes in PPS-selected cells between day-7 and day-30 were only seen within the PPS14-selected CD5 − populations. However, the distribution of CD43 and CD5 did not show any statistical significant differences between day-0 and day-30 (Fig.4C,D) . Therefore, by day-30, the distribution of PPS-selected cells resembled pre-immunization phenotype distributions with no significant differences.
PPS-selected B cells phenotypically resemble human B-1 cells
Recent reports have expressed interest in distinctly identifying B cells from T cells or B/Tcell doublets due to the heterogeneic distribution of CD43 and CD5 on T-cells [33] . CD3 analysis showed that 96.93 ±2.88% of our day-7 CD19 + cells did not express CD3 and therefore did not represent T-cells or B/T-cell doublets (Fig.5A) . To clarify the proportion of day-7 CD19 + cells that could represent CD19 + CD20 − plasmablasts, we analyzed CD20 expression. Within the CD19 + cells, the vast majority of cells (95.0 ±1.87%) were also CD20 + (Fig.5B) . To demonstrate that our PPS-selected cells do not represent IgM + memory cells expressing CD43 and CD5 as inducible activation markers, and to allow direct comparison to recent studies, we analyzed CD70 expression [30, 32] . Within the CD19 + cells, 99.22 ±1.32% of PPS-selected, and 98.98 ±1.07% of our PPS-selected CD27 + IgM + CD43 + CD5 + populations 7 days post-immunization were also found to be CD70 − (Fig.5C ).
Discussion
Polysaccharide-specific ELISA and opsonophagocytic assays demonstrated that our volunteers were immunocompetent and responded normally to PPV. Samples showed variability in Ab concentrations and OPT between individuals and between serotypes. Others have also shown that a strong Ab response to one serotype does not necessarily correlate with a strong response to other serotypes [31, 41, 42] .
The B cells responsible for eliciting protective Abs in response to PPV vaccination remains an active and controversial area of research. The goal of our study was to further characterize the phenotype of PPS-specific B cells that respond to PPV vaccination in healthy individuals using fluorescently conjugated PPS which we have previously described [31] . Day-7 post-immunization, the percentage of PPS-selected cells increased significantly compared to day-0 background levels. By day-30, the percentage of PPS-selected cells declined toward pre-immunization levels. Thus, at its peak, a mere 4-5% of B cells were PPS-specific emphasizing the importance of PPS-selection to analyze changes in cell populations responding to PPV as shown by day-7 post-immunization unselected versus PPS-selected results. PPS-selection on day-7 demonstrated a predominant IgM + memory population in response to PPV clearly distinguished from the unselected phenotype analysis as in our previous study [31] . These changes reverted toward pre-immunization levels by day-30 post-immunization. Interestingly, PPS23F-selected IgM + memory cells showed a significant decrease by day-30, but remained significantly higher than day-0 levels. In contrast, PPS14-selected IgM + memory cells on day-30 showed no significant difference compared to day-0 levels. Others have also reported a heterogeneous response to various PPS [43] . Some differences may be due to PPS structural differences, previous donor exposure to specific serotypes, and/or pre-immunization Ab concentrations.
The CD27 + IgM + B cell population can further be subdivided into IgM memory B cells (CD27 + IgM + CD43 − ) and B1 cells (CD27 + IgM + CD43 + ). In mice, B1 cells have been extensively characterized, are subdivided into B1a and B1b cells, and are vitally important in the protective immune response against S. pneumoniae. Griffin et al recently characterized a human equivalent of B1 cells. The role of these cells in the human immune response to PPV remains to be defined [7, 22, 23, 30] . We analyzed the presence of CD43 on the surface of PPS-labeled CD27 + IgM + B cells as percentage of PPS-positive B cells classified as B1 cells (CD43 + ) or those that are IgM memory cells (CD43 − ). The CD43 and CD5 sub-gated populations of unselected cells showed no significant differences in phenotype distribution between day-0, 7, and 30 analysis (data not shown). This is expected since the PPS + B cell population is a small fraction of total B cells. However, within the PPS-specific IgM + memory population, the percentage of CD43 + CD5 + B cells increased significantly by day-7 post-immunization, and reverted toward pre-immunization levels by day-30. We also demonstrated strong correlations between the proportion of day-7 PPSselected IgM + memory B cells and day-30 post-immunization PPS-specific IgM concentrations. This suggests that the percentage of PPS-specific IgM+ memory cells on day-7 can serve as a surrogate marker for PPV responsiveness.
The majority population responding to PPV is in alignment with recent descriptions of putative human B-1 cells and includes a population capable of producing antipolysaccharide Ab [30, 32] . To determine to what degree this PPS-selected majority population resembled the putative B-1 population, we performed additional phenotypic analysis for CD3, CD20, and CD70. The vast majority of these cells didn't represent CD3 + T cells, CD19 + CD20 − plasmablasts, or CD70 + activated memory and naïve cells expressing CD43 and CD5.
This analysis reveals additional populations of PPS-specific B cells, demonstrating that the immune response to PPV is in fact a heterogeneous and complex orchestration of many cell types and does not solely consist of the majority B-1 like population. Verbinnen et al have shown that the putative B1 cell population described by Griffin et al were capable of producing PPS-specific IgM and IgG detected by ELISPOT for PPS1 and PPS4 [30, 32] . It is therefore possible that our CD27+IgM-B cells may have also represent class switched B1 cells which have been described by Hass et al in mice [24] . Additional future studies like the ELISPOT performed by Verbinnen et al and the spontaneous Ig secretion performed by Griffin et al can determine if this putative PPS-specific B-1 like population has the same functional characteristics as B-1b cells. Moreover, other populations of B cells may contribute to the immune response within different time frames and in other compartments such as the spleen or bone marrow. However, the significant increase in this B-1 like population, regardless of its classification, over a relatively short time in the peripheral blood suggests that this population may have great importance in controlling the early stages of infection just as B-1b cells have been shown to function [12] . The relatively quick regression of this majority population from the blood suggests likely sequestration in other compartments.
The majority of PPS14-and PPS23F-selected B cells responding to PPV in the peripheral blood was characterized as CD19 + CD20 + CD3 − IgM + CD27 + CD43 + CD5 +/− CD70 − . This analysis in young adults lays a foundation against which comparisons can be made for high risk populations, including the elderly and HIV-infected individuals, which we are currently pursuing [44] . We hypothesize that high risk populations may show a very different distribution of phenotypes compared to the healthy individuals. Identifying changes or deficiencies in the PPS-specific responding B cell populations of elderly and HIV-infected individuals may be used to improve vaccination schedules and develop new therapies leading to improved patient protection.
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Ab Antibodies
PPS
Pneumococcal polysaccharide
TI-2 T-independent type II
MZB
Splenic marginal zone B cell
PPV
Pneumococcal polysaccharide vaccination
OPT
Opsonophagocytic Titer
FMO
Fluorescence Minus One
Highlights
• We studied the B cell response of healthy individuals vaccinated with PPV-23.
• PPS-specific B cells were identified by flow cytometry pre-and postvaccination.
• PPS-specific B cells were CD19 + CD20 + CD3 − CD27 + IgM + CD43 + CD5 +/− CD70 − .
• B cells share same phenotype as recently described putative human B1 cells. Healthy young volunteers were immunized with PPV. Serum samples were obtained on days 0, 7, and 30. Serum samples were tested for PPS14-specific (A) and PPS23F-specific (B) IgM, IgG, IgA concentrations by ELISA expressed as µg/ml. Serum samples from day-0 and day-30 were tested for S. pneumoniae PPS-specific antibody opsonophagocytic activity (C) expressed as opsonophagocytic titer. Mean values with SEM shown. *p < 0.05, **p < 0.01, ***p<0.001. Lymphocyte enriched peripheral blood samples were stained with immunofluorescent PPS and antibodies to be evaluated by flow cytometry. The phenotype distribution of CD27 and IgM on CD19 + B cells was compared for day-0, day-7, and day-30 for PPS14-(A) and PPS23F-(B) selected cells. The phenotypic distribution of CD27 and IgM was compared on day-7 for unselected, PPS14-and PPS23F-selected cells (C). Mean values with SEM shown. In each sample, 100,000 events were recorded. *p < 0.05, **p < 0.01, ***p<0.001. Representative plot of CD20 expression on CD19 + B cells (B). Representative plot of PPS23F-selected IgM + memory cells gated for CD43 + and CD5 + expression and plotted for CD43 and CD70 expression (C). All flow cytometry results were analyzed and plotted using Fluorescence Minus One controls (FMO). 100,000 events were recorded. Mean percentage ± SEM of CD19+ B cells stained with fluorescently labeled PPS14 or PPS23F from peripheral blood samples obtained pre-immunization (PPS14 n=10, PPS23F n=11) and 7 (PPS14 n=16, PPS23F n=17) and 30 (PPS14 n=10, PPS23F n=10)
